Water represents the major component of most food systems. During thermal or high-pressure processing, physical and chemical properties of water are changed. The p-T diagram represents an obvious presentation of isoproperty lines and their pressure and temperature dependencies. In this work, 15 different properties of pure water are shown as isoproperty lines in the pressure-temperature landscape. By using functional relationships from the "International Association for the Properties of Water and Steam" and databases from the "National Institute of Standards and Technology," highest accuracy is guaranteed. Applying the generated graphs, a compact overview is given and a wide range of thermal and high-pressure processes can easily be compared. The different pressure and temperature dependencies of all properties showed the complexity of medium conditions during thermal and high-pressure processing. An extended understanding of pressure-temperature dependencies will improve process concepts as well as industrial applications at high temperature and high isostatic pressure.
Introduction
Water is essential to all known forms of life. It represents the major component of most food systems and is typically used as pressure transmitting medium. In food processing, the application of high isostatic pressure as emerging technology has steadily increased during the past 10 years, and in 2008, 125 industrial installations existed worldwide with volumes ranging from 35 to 420 L and an annual production volume of more than 200,000 tons (Tonello Samson, C., NC Hyperbaric, Spain, 2008, personal communication). The fast-growing user community in food technology needs concise overviews about process parameters in the p-T domain. Data for the pressure and temperature dependencies of water are available in complex tables and functional relationships. This work presents the pressure and temperature dependencies of 15 fundamental parameters as most obvious presentation form with isoproperty lines in the p-T landscape. These data enable an adequate comparison of different thermal or high-pressure processes with chemical or biological changes in the p-T domain. Some biological research studies worked up to 1,200-1,400 MPa, 1, 2 and innovative laboratory-scale equipment for basic studies is developed up to 1,400 MPa (by using an extra booster system) and 140°C. 3 Hence, thermodynamic, material, and transport properties at these extreme conditions need to be estimated.
Material and Methods
Extensive data and formulations of the main thermodynamic properties of water are available from the "International Association for the Properties of Water and Steam" (IAPWS) and in the database from the "National Institute of Standards and Technology" (NIST). The functional relationships for the pressure and temperature dependencies of density, ρ, internal energy, u, enthalpy, h, Helmholtz free energy, f, Gibbs free energy, g, entropy, s, and speed of sound, c, are accurate up to 1,000 MPa and 1,000°C. 4 Material properties in the pressure and temperature landscape can be obtained by derivation of Eqs. 1, 2, and 3.
According to the first fundamental theorem of thermodynamics and for a constant pressure, isobaric heat capacity, c p , is usually defined as:
The isobaric coefficient of thermal expansion can be defined as 5 :
with the specific volume v.
Isothermal compressibility β T is defined by Eq.
These properties are seen to be the three possible second derivatives of the Gibbs free energy with respect to temperature and pressure.
The functional relationship for the pressure and temperature dependencies of the relative static permittivity, ɛ, is given up to 1,000 MPa and 800°C. 6 By using the second law of thermodynamics, which derives a relation for enthalpy, entropy, and temperature (Eq. 1), the adiabatic-isentropic heating (Eq. 4) of a system can be obtained by combining Eq. 1 with the basic equations for the compressibility of a system (Eq. 3) at constant pressure @T @p
The adiabatic heating of water at different initial temperatures was obtained by an iteration loop (MathCAD 2001i Professional, MathSoft Engineering & Education, Inc., USA).
By using the regression equation from Marshall and Frank, 7 the negative logarithm of the ion product K w [(mol kg −1 ) 2 ] of water substance (Eq. 5) can be calculated with an absolute deviation of ±0.01 units at T<200°C and vapor pressure (max. possible relative error 0.08%) as well as within ±0.03 units at pressures up to 1,000 MPa when the temperature is below 250°C (max. possible relative error 0.33%),
with the oxonium [H 3 O + ] and hydroxide [OH − ] ion concentrations. Functional relationships for the transport properties thermal conductivity, λ, and dynamic viscosity, η, are given up to 400 MPa/125°C 8 and 500 MPa/150°C 8 respectively (IAPWS). Using the NIST databases 10 or 23 (NIST STEAM or NIST REFPROP, US Department of Commerce, USA), pressure ranges up to 1,000 MPa can be obtained.
In this work, data were extrapolated up to 1,400 MPa, which presents the current limit in food technology. 2, 3, 9 Using a Boolean logic as complete system for logical operations with the function "equal to operator"(operator = [bold] in MathCAD 2001i Professional, MathSoft Engineering & Education, Inc.), it was possible to search the pressure or temperature conditions for a fixed water property value. The fixed water property value was connected to the functional relationship by the "equal to operator" function [e.g., fixed water property value=function(p,T)]. This procedure enabled the generation of isoproperty lines in the pressure and temperature landscape. The thermal conductivity, λ, and dynamic viscosity, η, at higher pressure levels was modeled using a linear interpolation function of the isothermal pressure dependence. The specific volumetric work, w(p,T), in pure water was calculated with Eq. 6,
with the volumetric work dw from A to B.
The data for the isothermal specific volumetric work were also modeled with a linear interpolation function. Using the mentioned Boolean operation (MathCAD 2001i Professional, MathSoft Engineering & Education, Inc.), it was possible to search the pressure at constant temperature for a fixed λ, η, and w value. The presentation of isoproperty lines in the p-T landscape was arranged by the Origin 7SR1 software (OriginLab Corporation, USA).
Results and Discussion
Bridgman 5,10 was the first to determine the phase diagram of water as function of temperature and pressure. The phase transition lines with adiabatic lines due to compression of water and its different ice modifications, according to Bridgman, are shown in Figure 1a . At present, 12 different crystal structures plus two amorphous states are known. At the transition from the liquid to the solid state, Ice I represents a specialty since only this ice modification shows a positive volume change ΔV. Lower initial temperatures have significantly lower (approximately 2 K/100 MPa) temperature increases due to compression than higher starting temperatures (up to 5 K/100 MPa over 80°C). A temperature rise is accompanied by a dissipation of heat within and through the pressure vessel, which is dependent on the vessel size, rate of compression, heat transfer parameters, as well as initial and boundary conditions.
In Figure 1b , the density, ρ, of water with adiabatic lines due to compression in the p-T landscape is shown. At high pressures, the compressibility decreases and there is a volume contraction of 10%, 17%, or 23% at 400, 800, or 1,400 MPa, respectively. (Figure 2a-d) and have the dimensions of energy. They describe the amount of potential energy in a thermodynamic system when it is subjected to certain constraints. The internal energy is the energy needed to create a system. In Figure 2a , all isotherms show a decreasing inner energy, u, with pressure because of volume contraction.
The enthalpy is the energy needed to create a system plus the work needed to make room for it. Adiabatic lines in Figure 2b show a higher increase of the enthalpy, h, because of the heat of compression in comparison to the isotherms.
All thermodynamic properties of water in this communication are based on the IAPWS-95 formulation, 4 which is in the form of a fundamental equation explicit in the Helmholtz free energy, f. The Helmholtz free energy is the energy needed to create a system minus the energy you can get from the environment. Pressure is steadily increasing and temperature is steadily decreasing the Helmholtz free energy, f (Figure 2c) .
The Gibbs free energy is the total energy needed to create a system and the work needed to make room for it minus the energy you can get from the environment. In Figure 2d , the strong pressure and low temperature dependence of the specific Gibbs free energy, g, is obvious. The Gibbs function of free energy, dG(T,p), is the fundamental equation for a system where pressure and temperature are the independent variables.
The difference in the free energy ΔG (T, p) is used to explain and model the elliptical shape of transition phenomena, e.g., protein denaturation 11 or inactivation of microorganisms. 12 The entropy is a measure of the disorder of a system. The entropy s is increased when ice is melted because of the increase in the disaggregation of the molecules of the body of ice. At higher temperatures up to 140°C, the specific entropy s is also steadily increased. Iso-entropy and adiabatic lines are equal (Figure 2e ) because adiabatic processes are reversible. According to the second fundamental theorem of thermodynamic, ds during reversible processes is zero.
The speed of sound, c, describes the velocity of the vibration that travels through an elastic medium, in this case water, as a wave (Figure 2f ). It shows strong pressure and very low temperature dependencies (Figure 2f) . Figure 3 presents the p-T landscape of material properties of water with (a) isobaric heat capacity, c p , (b) relative static permittivity, ɛ, (c) isobaric thermal expansion coefficient, α p , and (d) isothermal compressibility, β T .
The heat capacity, c p , shows a strong decrease when increasing the pressure, but features only a very small change from 500 MPa between 30°C and 60°C (Figure 3a ). Hence, high-pressure processes at moderate temperatures for pasteurization and high-pressure thermal processes at temperatures over 100°C for sterilization show different pressure dependencies of the heat capacity, c p .
The relative static permittivity, ɛ, has importance in the calculation of ionic reactions 13 and shows noticeable changes with pressure and temperature (Figure 3b ).
The thermal expansion coefficient, α p , and the coefficient of compressibility, β T , are most important in the calculation of adiabatic heating as a result of compression. β T as an intrinsic physical property of the material exhibits a high variability in gases, liquids, and solids and shows an extensive decrease with pressure at all temperatures.
The dissociation equilibrium shift in water showed also large variations with pressure and temperature (Figure 4 ). Pure water is neutral ([H 3 O + ] = [OH − ]), and the negative logarithm of K W has to be divided by two (according to Eq. 5) to obtain the pH or pOH value. During the shift of the dissociation equilibrium, the pH value would be changed with all reaction partners, but no change of the concentration difference on one site occurs during the reaction. Under pressure, there are increased oxonium and hydroxide concentrations, but still "neutral" conditions. Consequently, the pH shift alone cannot exactly describe the dissociation equilibrium shift, and thus, the pK a shift should be used. 14 An important aspect for basic research studies under pressure is that commonly used buffer solutions showed different shifts of the dissociation equilibrium. The diversity of pK a shifts in buffer solutions resulted mainly from the different dissociation reactions and, consequently, different standard molar enthalpies (Δ r H 0 ) or reaction volumes (ΔV). 14 Figure 5 shows the p-T landscape of transport properties with (a) thermal conductivity, λ, and (b) dynamic viscosity, η. The thermal conductivity, λ, has a strong pressure dependence and improves the heat transfer in and to the product during pressure build-up as well as dwell time. At molecular processes, the dynamic viscosity, η (Figure 5b) , has an important role and shows strong temperature dependence.
On the basis of the first law of thermodynamics, after compression of 1 kg water up to 1,400 MPa, a maximum volumetric work of 130 kJ kg −1 at 140°C is performed on the system according to Eq. 6.
In Figure 6 , the specific volumetric work, w, in pure water (p,T) is presented using previous results of this communication with the isothermal compressibility, β T (p,T) ( Figure 3d ) and the specific volume v(p,T) [v(p,T)=ρ −1 (p,T)] (Figure 1b ). The high pressure and low temperature dependence resulted from the functional relationships of the isothermal compressibility, β T (p,T), and the specific volume, v(p,T).
